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ABSTRACT 

An i n v e s t i g a t i o n  was m a d e  to d e t e r m i n e  the p r o p e r t i e s  of coppe r  b a s e  
a l loys  at r o o m  and e l e v a t e d  t e m p e r a t u r e s  for  h igh  hea t  f lux a p p l i c a t i o n s .  
L i t e r a t u r e  s u r v e y s  w e r e  conduc ted  to s tudy the  p r o p e r t i e s  of c o p p e r -  
b e r y l l i u m ,  c o p p e r - z i r c o n i u m ,  and o t h e r  c o m m e r c i a l  g r a d e s  of coppe r  
and c o p p e r  a l loys .  T h e s e  p r o p e r t i e s  w e r e  c o m p a r e d  wi th  e x p e r i m e n t a l  
da ta  for  c o p p e r - z i r c o n i u m  and two a l loys  of c o p p e r - b e r y l l i u m  at t e m -  
p e r a t u r e s  up to 1000°F. The  t e s t  data  i n d i c a t e d  that  the  c o p p e r - b e r y l l i u m  
a l loys  can be ob ta ined  in l a r g e  s i z e s  wi th  s t r e n g t h  l e v e l s  c o m p a r a b l e  to 
s u r v e y  p r o p e r t y  l e v e l s ,  w h e r e a s  fo r  c o p p e r - z i r c o n i u m  it was  m o r e  di f -  
f icu l t  to r e a c h  t a b u l a t e d  s t r e n g t h s  b e c a u s e  the  e f f e c t i v e n e s s  of cold  w o r k -  
ing was  r e d u c e d  fo r  l a r g e  s i z e  b i l l e t s .  The  f inal  s e l e c t i o n  of an a l loy  
d ep en d s  upon the  r e q u i r e m e n t s  of a s p e c i f i c  appl ica t ion .  

l ° °  
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SECTION I 
INTRODUCTION 

An i n v e s t i g a t i o n  of the  p h y s i c a l  p r o p e r t i e s  of c o p p e r  b a s e  a l loys  was  
c o n d u c t e d  to obta in  d e s i g n  i n f o r m a t i o n  fo r  a b a c k s i d e  w a t e r - c o o l e d  n o z z l e  
l i n e r  (Ref.  1) to use  in the c a l i b r a t i o n  of an e l e c t r i c  a r c  h e a t e r .  P r o p e r t y  
data  w e r e  e s s e n t i a l  to a s s i s t  in the  s e l e c t i o n  of a n o z z l e  m a t e r i a l  fo r  th is  
h igh  hea t  flux app l i ca t i on .  The  c h o i c e  of m a t e r i a l s  was  p r e v i o u s l y  n a r r o w e d  
to  the  c o p p e r  b a s e  a l loys ,  p r i m a r i l y  to t ake  advan tage  of the  h igh  t h e r m a l  
conduc t iv i t y  t h e s e  a l loys  exhib i t  (Ref .  1). 

A s u r v e y  of the  l i t e r a t u r e  was  conduc ted  to a s s e m b l e  da ta  f r o m  m a n y  
s o u r c e s  on v a r i o u s  a l loys  of c o p p e r - b e r y l l i u m  (Cu-Be) ,  c o p p e r - z i r c o n i u m  
(Cu-Zr} ,  c o p p e r - c h r o m i u m  (Cu-Cr ) ,  and c o m m e r c i a l  coppe r ,  both e l e c -  
t r o l y t i c  tough p i tch  (ETP} and ox~.gen-f ree  g r a d e s .  The  e x p e r i m e n t a l  
p o r t i o n  of the  i n v e s t i g a t i o n  c o n s i s t e d  of t e n s i l e  t e s t s  at a m b i e n t  and e l e v a t -  
ed t e m p e r a t u r e s .  The  n e c e s s i t y  fo r  ob ta in ing  t h e s e  data  a r o s e  b e c a u s e  a 
b i l l e t  of 3 - in .  d i a m e t e r  was  r e q u i r e d  to f a b r i c a t e  a n o z z l e  l i n e r ,  and 
v i r t u a l l y  all handbook p r o p e r t y  data  w e r e  g iven  for  s t r i p  or  s m a l l  d i a m e t e r  
w i r e  or  r od  s p e c i m e n s .  U n c e r t a i n t i e s  t h e r e f o r e  e x i s t e d  as to the  ac tua l  
s t r e n g t h  ob ta inab le  in the l a r g e  b i l l e t  s i z e s ,  p a r t i c u l a r l y  for  a l loys  r e q u i r -  
ing c o n s i d e r a b l e  cold work  for  quo ted  s t r e n g t h .  The  e l e v a t e d - t e m p e r a t u r e  
t e s t s  w e r e  of p r i m e  i m p o r t a n c e  b e c a u s e  of l ack  of e x t e n s i v e  handbook data .  

T h r e e  a l loys  w e r e  t e s t e d :  c o p p e r - b e r y l l i u m  (Cu-Be)  Al loy  10, (Cu-Be} 
Al loy 50, and a c o p p e r - z i r c o n i u m  {Cu-Zr)  a l loy.  A c c o r d i n g l y ,  n o m i n a l  
3 - in .  - d i a m  b i l l e t s  of each  a l loy w e r e  p u r c h a s e d  and m a c h i n e d  into t e s t  
s p e c i m e n s .  The  C u - B e  a l loys  w e r e  p u r c h a s e d  in the a n n e a l e d  and h e a t -  
t r e a t e d  (AT} condi t ion ,  and C u - Z r  was  cold  w o r k e d  as  s e v e r e l y  as the  
fo rg ing  e q u i p m e n t  of the  s u p p l i e r  would  p e r m i t .  T e s t i n g  was  c a r r i e d  
out at the  M e t a l l u r g i c a l  L a b o r a t o r y ,  E n g i n e e r i n g  Support  F a c i l i t y  {ESF), 
A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r .  

SECTION II 
PROPERTIES OF COPPER-BERYLLIUM ALLOYS 

The  b e r y l l i u m  a l loys  of c o p p e r  have  the  h i g h e s t  s t r e n g t h  of any of the  
coppe r  base  a l loys .  The  C u - B e  a l loys  a r e  g e n e r a l l y  c o n s i d e r e d  for  use  in 
h igh  hea t  f lux app l i c a t i ons  s i nce  t h e s e  a l loys  have  s t r e n g t h s  c o m p a r a b l e  to 
s t e e l  whi le  exh ib i t ing  t h e r m a l  c o n d u c t i v i t i e s  as h igh as  30 to 70 p e r c e n t  
of pure  copper .  The  wrought  C u - B e  a l loys  can be d iv ided  into two g e n e r a l  
types :  (1} the high s t r e n g t h  a l loys  and (2) the  high conduc t iv i ty  a l loys .  
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The h igh  s t r e n g t h  a l l o y s  u s u a l l y  con t a in  b e t w e e n  1 . 5 -  and 2 . 2 - p e r c e n t  
Be,  w h e r e a s  the  h igh  c o n d u c t i v i t y  a l l o y s  c o n t a i n  b e t w e e n  0 . 2 5 -  and 
0 . 7 0 - p e r c e n t  Be .  The  p h y s i c a l  and m e c h a n i c a l  p r o p e r t i e s  f r o m  both  
a l l oy  g r o u p s  a r e  p r e s e n t e d .  

2.1 HIGH STRENGTH ALLOYS 

A l l o y s  25 and 165 a r e  two m a j o r  t y p e s  of h igh  s t r e n g t h  wrough t  
C u - B e ,  Al loy  25 be ing  the  m o s t  w ide ly  used .  The  fo l lowing  tab le  
shows  the c h e m i c a l  c o m p o s i t i o n  of t h e s e  a l l o y s .  

C h e m i c a l  C o m p o s i t i o n  of High S t r e n g t h  C u - B e  A l l o y s  

Al loy  

25 

165 

B e r y l l i u m  

1 . 8 0  - 2.05~/o 

1.60 - 1.80% 

Cobal t  

0.20 - 0.35% 

O. 20 - 0.35% 

Copper 

B a l a n c e  

B a l a n c e  

I n f o r m a t i o n  f r o m  s e v e r a l  s o u r c e s  about  the  e n g i n e e r i n g  p r o p e r t i e s  
i s  p r e s e n t e d  in T a b l e  I. The  f o r m  of the  m a t e r i a l ,  tha t  i s ,  rod ,  ba r ,  
s t r i p ,  w i r e ,  or  b i l l e t ,  m a y  have  a c o n s i d e r a b l e  i n f luence  on the s t r e n g t h ,  
and t h e r e f o r e  the  f o r m  is  no ted  w h e r e  i n f o r m a t i o n  was  a v a i l a b l e .  C u - B e  
a l l o y s  d e r i v e  t h e i r  h igh  s t r e n g t h  p r i n c i p a l l y  f r o m  hea t  t r e a t i n g  or  age  
h a r d e n i n g .  The  a l l o y s  c o n s i d e r e d  h e r e  a r e  in (1) the  AT cond i t ion  and 
(2) the  HT cond i t i on .  Tab l e  I shows  tha t  only s m a l l  ga ins  in s t r e n g t h  
can  be ob t a ined  by co ld  w o r k i n g  C u - B e .  

V a l u e s  of t h e r m a l  conduc t iv i ty ,  l i n e a r  coe f f i c i en t  of t h e r m a l  e x p a n -  
s ion ,  and P o i s s o n ' s  r a t i o  a r e  not g e n e r a l l y  d e t e r m i n e d  in  a s t a n d a r d  
m a t e r i a l s  l a b o r a t o r y ;  t h e r e f o r e  l i t t l e  da ta  w e r e  a v a i l a b l e  for  t h e s e  
p r o p e r t i e s .  It is  a s s u m e d  tha t  t h e s e  p r o p e r t i e s  r e m a i n  cons t an t  fo r  a l l  
f o r m s  and hea t  t r e a t m e n t s  of the  m a t e r i a l .  The  t h e r m a l  conduc t iv i t y  fo r  
Al loy  25 at t e m p e r a t u r e s  to 400°F is  shown in Fig .  1. The  conduc t i v i t y  
i n c r e a s e s  wi th  t e m p e r a t u r e  f r o m  0 .22  B t u - i n . / s e c - f t 2 - ° F  at 50°F to 
0 .27  at 400°F (Ref. 4). 

The  e l e v a t e d - t e m p e r a t u r e  s t r e n g t h  da ta  on Al loy  25 a r e  p r e s e n t e d  in  
F ig .  2. In a l l  c a s e s  the  s t r e n g t h  d e c r e a s e d  s l owly  wi th  i n c r e a s i n g  t e m -  
p e r a t u r e  up to 500°F. Above 500°F a r a p i d  r e d u c t i o n  in  s t r e n g t h  r e s u l t e d .  
The  e l o n g a t i o n  and m o d u l u s  of e l a s t i c i t y  at t e m p e r a t u r e s  up to 1000°F a r e  
shown in F ig .  3. The  e longa t ion  s l owly  d e c r e a s e d  f r o m  r o o m  t e m p e r a t u r e  
l e v e l s  to a low va lue  of a p p r o x i m a t e l y  2 p e r c e n t  at t e m p e r a t u r e s  f r o m  
500 to 600°F fo r  both the AT and HT cond i t i ons ,  which  i n d i c a t e d  t h i s  



AE DC.TR-65-72 

m a t e r i a l  to have r e l a t i v e l y  low duct i l i ty  at t he se  t e m p e r a t u r e s .  The 
modulus  of e l a s t i c i t y  of Alloy 25 d e c r e a s e d  r ap id ly  above 500@F and at 
1000°F was l e s s  than 5 x 106 ps i  for  the AT and HT condi t ions .  

2.2 NIGH CONDUCTIVITY ALLOYS 

Among the Cu-Be a l loys  in th is  ca tegory ,  Al loys  10 and 50 a r e  
probably  the mos t  common.  The compos i t ions  of the two a l loys  a re  
s i m i l a r ,  the p r i m a r y  d i f fe rence  being a subs t i tu t ion  of s i lver"  for  pa r t  
of the cobalt  in Alloy 50. The compos i t ion  of these  a l loys  is  p r e s e n t e d  
in the following table.  

Chemica l  Compos i t ion  of Cu-Be High Conduct ivi ty  Al loys  

Alloy 

10 

50 

Beryllium 

0.45 - 0.60% 

0 . 2 5 -  0.50% 

Cobalt  

2 . 3 5  - 2.60 /o 

1 . 4 0  - 1 . 7 0 %  

Si lve r  

0 . 9 0  - 1. 10% 

Copper  

Balance  

Balance  

The eng inee r ing  p r o p e r t i e s  of the high conduct iv i ty  a l loys  at room 
t e m p e r a t u r e  a re  p r e s e n t e d  in Table  II for  the AT and HT condi t ions .  
The t abu la ted  data  indica te  that  AT b i l l e t s  have s t r e n g t h s  about 10 to 
20 pe rcen t  l ower  than the s t r i p  or ba r  s tock,  s ince  the l a r g e  s i ze  of 
b i l l e t s  g e n e r a l l y  p rec ludes  un i fo rm heat  t r e a t m e n t .  The high conduct iv i ty  
a l loys ,  when compared  with the high s t r e n g t h  a l loys  of TaMe I, showed 
about 4 0 - p e r c e n t  d e c r e a s e  in s t r eng th  but s i zab le  i n c r e a s e s  in duc t i l i ty  
and t h e r m a l  conduct iv i ty .  The modulus  of e l a s t i c i t y  and l i n e a r  coef-  
f i c ien t  of t h e r m a l  expans ion  a r e  about the s ame  for  both groups  of a l loys .  

The s t r e n g t h  and e longat ion  at e leva ted  t e m p e r a t u r e s  of Cu-Be 
Alloy 10 in the AT condi t ion a r e  p r e s e n t e d  in Fig.  4. The s t r e n g t h  
d e c r e a s e s  r ap id ly  f rom 400 to 600°F, w h e r e a s  the e longat ion  r educes  
s h a r p l y  at t e m p e r a t u r e s  above 500°F. The e x t r e m e l y  low e longat ion  
above 500°F ind ica tes  that  Alloy 10 exhibi ts  hot b r i t t l e n e s s  in th is  
t e m p e r a t u r e  r e g i m e .  

T h e r m a l  conduct iv i ty  data  at e leva ted  t e m p e r a t u r e s  to 400°F 
fo r  Alloy 50 a r e  shown in Fig.  1. The conduct iv i ty  can be s e e n  to 
i n c r e a s e  s lowly  as the t e m p e r a t u r e  r i s e s .  These  data r e p r e s e n t  
t yp i ca l  va lues  of conduct iv i ty  expected  for  th i s  a l loy  but do not 
account  for  s m a l l  v a r i a t i o n s  which may  be caused  by heat  t r e a t m e n t ,  
fo rm,  and s i ze  e f fec t s .  
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SECTION III 
PROPERTIES OF COPPER-ZIRCONIUM ALLOY 

Th@ p r i m a r y  type of C u - Z r  a l loy c o n s i d e r e d  for  n o z z l e  m a t e r i a l  con-  
s i s t s  of a h igh pur i ty  coppe r  which  is oxygen  f r e e  and con ta ins  f r o m  0 . 1 3 -  
to 0. 1 5 - p e r c e n t  z i r c o n i u m .  T h i s  a l loy has  a t h e r m a l  conduc t iv i ty  f r o m  
90 to 95 p e r c e n t  that  of pure  copper .  The  C u - Z r  is u s e d  in high hea t  flux 
a p p l i c a t i o n s  b e c a u s e  of i ts  h igh t h e r m a l  conduc t iv i t y  and r e a s o n a b l y  high 
s t r e n g t h  at e l e v a t e d  t e m p e r a t u r e s .  Tab le  III p r e s e n t s  s o m e  of the  a v a i l -  
able  p r o p e r t y  da ta  for  C u - Z r  at r o o m  t e m p e r a t u r e .  U l t i m a t e  s t r e n g t h s  
of 60 ,000  ps i  and y i e l d  s t r e n g t h s  of 50 ,000  psi  a r e  typ ica l  va lue s  e x p e c t e d  
f r o m  C u - Z r .  H o w e v e r ,  the s t r e n g t h  depends  to a l a r g e  ex ten t  upon the 
s i z e  and the shape  of the p i ece  needed ,  that  is ,  shee t ,  rod ,  and b i l l e t .  
Nozz l e  a p p l i c a t i o n s  may  r e q u i r e  s i z e s  which wil l  not a l low the t a b u l a t e d  
s t r e n g t h  v a l u e s  to be ac tua l ly  ob ta ined .  

T h e  s t r e n g t h  of C u - Z r  is d e r i v e d  p r i m a r i l y  f r o m  cold  work ing  the  
a n n e a l e d  a l loy.  The  ef fec t  of cold w o r k i n g  on C u - Z r  a l loy  is shown in 
Fig .  5. It can be s e e n  that  the  y i e l d  and u l t i m a t e  s t r e n g t h s  i n c r e a s e  
r a p i d l y  for  a m o u n t s  of cold work ing  up to 40 p e r c e n t ;  above th i s  amoun t  
the  cold  w o r k i n g  is l e s s  e f f ec t i ve ,  but the s t r e n g t h  con t i nues  to i n c r e a s e  
s lowly .  H o w e v e r ,  the  e l o n g a t i o n  d e c r e a s e s  r ap id ly  fo r  a m o u n t s  of cold  
work  up to 40 p e r c e n t  and r e m a i n s  r e a s o n a b l y  cons t an t  wi th  add i t i ona l  
cold  work ing .  

An add i t i ona l  10- to 1 5 - p e r c e n t  i n c r e a s e  in s t r e n g t h  is ob ta ined  by 
age h a r d e n i n g .  T h i s  is  a c c o m p l i s h e d  by r e h e a t i n g  the  c o l d - w o r k e d  a l loy  
f r o m  700 to 800°F for  a p p r o x i m a t e l y  1 hr .  Age h a r d e n i n g  C u - Z r  in th is  
m a n n e r  i n c r e a s e s  i ts  e l e c t r i c a l  conduc t iv i ty  by about 30 p e r c e n t .  F o r  
m o s t  m e t a l s ,  e l e c t r i c a l  and t h e r m a l  c o n d u c t i v i t i e s  fo l low rough ly  p a r a l -  
l e l  pa ths ,  so  it may  be t e n t a t i v e l y  c o n c l u d e d  that  the  t h e r m a l  conduc t iv i ty  
is  a l s o  i n c r e a s e d  by age h a r d e n i n g ,  a l though  no e x p e r i m e n t a l  da ta  a r e  
a v a i l a b l e  for  C u - Z r  to suppo r t  th is  c o n j e c t u r e .  

T h e  e l e v a t e d - t e m p e r a t u r e  data  t a k e n  f r o m  Ref. 10 a r e  p lo t t ed  in 
Fig .  6. The  r e d u c t i o n  of a r e a  and u l t i m a t e  s t r e n g t h  of C u - Z r  
(0 .15 p e r c e n t  Zr )  for  t e m p e r a t u r e s  f r o m  a m b i e n t  to l l 0 0 ° F  is  p r e s e n t e d  
fo r  54- and 8 4 - p e r c e n t  c o l d - w o r k e d  a l loys .  The  u l t i m a t e  s t r e n g t h  
d e c r e a s e s  s lowly  with t e m p e r a t u r e s  to 600°F and then  d e c r e a s e s  r a p i d l y  
for  t e m p e r a t u r e s  above 600°F for  both m a t e r i a l s .  F o r  t e m p e r a t u r e s  
f r o m  a m b i e n t  to 800°F the 8 4 - p e r c e n t  c o l d - w o r k e d  a l loy  has  s t r e n g t h  
f r o m  5000 to 8000 ps i  h i g h e r  than the  5 4 - p e r c e n t  a l loy.  

The  p e r c e n t  r e d u c t i o n  of a r e a  at e l e v a t e d  t e m p e r a t u r e  is a l s o  p r e -  
s e n t e d  in Fig .  6 for  the  54- and 8 4 - p e r c e n t  c o l d - w o r k e d  a l loys .  The  

4 
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a r e a  r e d u c t i o n  for  both alloys d e c r e a s e s  6 to 8 p e r c e n t  f r o m  a m b i e n t  
to 500°F and then  i n c r e a s e s  s lowly  as  the  t e m p e r a t u r e  is  i n c r e a s e d  
above 500°F. The  5 4 - p e r c e n t  a l loy  exh ib i t s  g r e a t e r  a r e a  r e d u c t i o n ,  
as  would be expec ted .  Both a l l o y s  m a i n t a i n  a h igh  l e v e l  of duc t i l i t y  
t h r o u g h o u t  the  e l e v a t e d - t e m p e r a t u r e  r a n g e .  

O t h e r  p r o p e r t i e s  at e l e v a t e d  t e m p e r a t u r e  which  a r e  s i g n i f i c a n t  
inc lude  0 . 2 - p e r c e n t  y i e l d  s t r e n g t h ,  p e r c e n t  e longa t ion ,  and m o d u l u s  
of e l a s t i c i t y .  N u m e r i c a l  v a l u e s  for  t h e s e  p r o p e r t i e s  a r e  p r e s e n t e d  
in the fo l lowing t ab l e  ( f rom Refs .  8 and 10) at t e m p e r a t u r e s  of 750, 
930, and I l l 0 ° F  for  0 . 2 5 - i n . - d i a m  C u - Z r  rod  s p e c i m e n s  cold worked  
to 54 and 84 pe r cen t .  

Cold 
Worked ,  
p e r c e n t  

54 

84 

T e s t  
T e m  pe r  a tu r  e • 

°F 

750 
930 

1110 

750 
930 

1110 

0 . 2 - p e r c e n t  
Yie ld  

S t r eng th ,  
p s i  

E longa t ion ,  
p e r c e n t  

39• 000 9 .0  
28 ,000  9 .0  
17,700 10.0  

45 ,000  9 .0  
25 ,800  9 .0  

- 6 4 . 0  

! 
Modulus of 

E l a s t i c i t y ,  p s i  i 

I 

17.0 x 106  I 
15.4  x 106 I 
14.6  x 106 i 

! 

15.7 x 10 6 
16 9 x 10 6 ; - 

14.8 x 10 6 

At 750°F the y i e l d  s t r e n g t h  for  the  8 4 - p e r c e n t  a l loy  i s  6000 ps i  h i g h e r  
than  the 5 4 - p e r c e n t  a l loy .  Howeve r ,  thc  s t r e n g t h  d e c r e a s e s  m o r e  r a p i d l y  
for  the 8 4 - p e r c e n t  a l loy  than  for  the 5 4 - p e r c e n t  a l loy  at t e m p e r a t u r e s  
above 750°F. T h i s  t r e n d  p a r a l l e l s  tha t  shown in F ig .  6 for  the u l t i m a t e  
s t r e n g t h .  

The  t h e r m a l  conduc t iv i ty  at e l e v a t e d  t e m p e r a t u r e s  is  i n d i c a t e d  in 
F ig .  1. The  conduc t iv i ty  r e m a i n s  c o n s t a n t  for  al l  t e m p e r a t u r e s  shown.  
The  a v a i l a b i l i t y  of t h e r m a l  conduc t iv i ty  da ta  i s  h ighly  l i m i t e d ,  and v a l u e s  
p r e s e n t e d  should  be u sed  with e x t r e m e  caut ion .  

SECTION IV 
PROPERTIES OF MISCELLANEOUS COPPER BASE MATERIALS 

Several additional materials• some containing small amounts of 
alloying elements in copper, have high thermal conductivities and may 

5 
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be c o n s i d e r e d  for  high heat  flux app l i ca t i ons .  T h e s e  m a t e r i a l s  i nc lude  
e l e c t r o l y t i c  tough  p i tch  copper ,  c o p p e r - s u l p h u r ,  l e a d e d  copper ,  c o p p e r -  
c h r o m i u m ,  o x y g e n - f r e e  coppe r ,  c o p p e r - t e l l u r i u m ,  and c o p p e r -  
p h o s p h o r o u s .  Of t h e s e ,  only e l e c t r o l y t i c  tough pi tch  (ETP)  coppe r ,  
c o p p e r - c h r o m i u m  (Cu-Cr ) ,  and o x y g e n - f r e e  coppe r  a r e  c o n s i d e r e d  in 
th i s  r e p o r t .  

4.1 COPPER-CHROMIUM 

The  m o s t  c o m m o n  a l loy  of coppe r  and c h r o m i u m  in the  coppe r  r i c h  
a l loys  is a b i n a r y  a l loy  con ta in ing  f r o m  0 . 7 0 -  to 0 . 8 0 - p e r c e n t  c h r o m i u m  
and the  b a l a n c e  coppe r .  As wi th  C u - Z r ,  i ts  s t r e n g t h  is d e r i v e d  f r o m  
cold  w o rk i ng  and p r e c i p i t a t i o n  h a r d e n i n g .  The  r o o m  t e m p e r a t u r e  p r o p e r -  
t i e s  which  may  be a t t a i n e d  by cold w o r k i n g  to s m a l l  d i a m e t e r s  and hea t  
t r e a t i n g  a r e  p r e s e n t e d  in the  fo l lowing  tab le .  

Alloy 

99% Cu, 0 .77% Cr,  
0 . 0 1 5 - i n .  - d i a m  w i r e  

99% Cu, 0 .85% Cr,  
r o d  

U l t i m a t e  
S t r eng th ,  

ps i  

75 ,200 

70 ,000 

0 . 5 - p e r c e n t  
Y ie ld  

S t reng th ,  ps i  

67 ,800  

60 ,000  

E longa t ion ,  k Ref.  
pe rc e nt 

23.5 - 12 

20 0 .62  13 

Whi le  the s t r e n g t h  of C u - C r  is h i g h e r  than  C u - Z r  at r o o m  t e m p e r a t u r e ,  
the  t h e r m a l  conduc t iv i t y  is  s l i gh t ly  l o w e r  b e c a u s e  of the  g r e a t e r  p e r -  
c e n t ag e  of a l loy  m a t e r i a l  in C u - C r .  

The  e l e v a t e d - t e m p e r a t u r e  p r o p e r t i e s  of C u - 0 . 7 0 - p e r c e n t  Cr  a r e  
shown in Fig .  7 for  a 0 . 2 5 - i n .  - d i a m  rod.  The  u l t i m a t e  s t r e n g t h  d e c r e a s e s  
by an a v e r a g e  of 4000 ps i  fo r  each  100°F t e m p e r a t u r e  r i s e  up to 800°F. 
Above 800°F the  s t r e n g t h  d e c r e a s e s  r a p i d l y  to the  a n n e a l e d  l eve l .  The  
p e r c e n t  r e d u c t i o n  of a r e a ,  a m e a s u r e  of m a t e r i a l  duc t i l i ty ,  is  a l s o  p r e -  
s e n t e d  as a func t ion  of t e s t  t e m p e r a t u r e  in Fig.  7. At t e m p e r a t u r e s  be low 
900°F the r e d u c t i o n  of a r e a  d e c r e a s e s  as the  t e m p e r a t u r e  i n c r e a s e s .  
Above  400°F the  d e c r e a s e  is  r ap id ,  i nd i ca t i ng  a hot b r i t t l e n e s s  cond i t ion  
in the  al loy.  Above 1000°F the  a n n e a l i n g  ac t ion  a l lows  the  m a t e r i a l  to 
b e c o m e  m o r e  duc t i l e .  
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4.2 ELECTROLYTIC TOUGH PITCH COPPER 

E l e c t r o l y t i c  tough p i tch  (ETP)  coppe r  i s  a c o m m e r c i a l  g r a d e  of 
c o p p e r  ( 9 9 . 9 - p e r c e n t  Cu) wi th  a p p r o x i m a t e l y  0 . 0 4 - p e r c e n t  oxygen .  The  
oxygen  r e s u l t s  f r o m  the  e l i m i n a t i o n  of i m p u r i t i e s  in the  r e f i n i n g  p r o c e s s .  
T h i s  m a t e r i a l  exh ib i t s  h igh  t h e r m a l  conduc t iv i ty  and c o m p a r e s  f a v o r a b l y  
wi th  pure  coppe r  as  shown in F ig .  1. The  r o o m  t e m p e r a t u r e  m e c h a n i c a l  
p r o p e r t i e s  a r e  p r e s e n t e d  in T a b l e  IV. The  u l t i m a t e  and y i e l d  s t r e n g t h  
v a l u e s  of E T P  coppe r  in the  c o l d - w o r k e d  condi t ion  a r e  h igh  enough for  
use  in h igh  hea t  f lux  a p p l i c a t i o n s .  

The  e l e v a t e d - t e m p e r a t u r e  y i e l d  s t r e n g t h  and modu lus  of e l a s t i c i t y  
a r e  shown in F ig .  8 for  8 4 - p e r c e n t  CW and 5 0 - p e r c e n t  CW E T P  coppe r ,  
r e s p e c t i v e l y .  The  y i e l d  s t r e n g t h  r e m a i n s  above 40 ,000  ps i  f o r  t e s t  t e m -  
p e r a t u r e s  up to 300°F.  H o w e v e r ,  at  t e m p e r a t u r e s  above 300°F the  
s t r e n g t h  d e c r e a s e s  r a p i d l y  to the  a n n e a l e d  s t r e n g t h  l e v e l  at 500°F. The  
modu lus  of e l a s t i c i t y  d e c r e a s e s  s t e a d i l y  as  the  t e s t  t e m p e r a t u r e  i s  in -  
c r e a s e d  above r o o m  t e m p e r a t u r e .  T h e s e  t e m p e r a t u r e  p r o p e r t i e s  of 
E T P  coppe r  m a d e  the  use  of t h i s  m a t e r i a l  u n d e s i r a b l e  fo r  e l e v a t e d - t e m -  
p e r a t u r e  a p p l i c a t i o n s .  How e v e r ,  i t  i s  s a t i s f a c t o r y  fo r  u se  in h igh ly  
cooled,  h igh  hea t  f lux  cond i t ions  b e c a u s e  of i t s  h igh  t h e r m a l  conduc t i v i t y  
and h igh  r o o m  t e m p e r a t u r e  s t r e n g t h .  

4.3 OXYGEH-FREE COPPER 

O x y g e n - f r e e  coppe r  is  c h a r a c t e r i z e d  by r e f i n i n g  u n d e r  a c o n t r o l l e d  
a t m o s p h e r e  which  m i n i m i z e s  the p r e s e n c e  of oxygen  in  the  coppe r .  The  
o x y g e n - f r e e  coppe r  t h e r e b y  has  m o r e  duc t i l i t y  than  e l e c t r o l y t i c  tough  
p i tch  coppe r  and is  l e s s  s u s c e p t i b l e  to hot b r i t t l e n e s s  when s u b j e c t e d  
to r e d u c i n g  a t m o s p h e r e s  at  e l e v a t e d  t e m p e r a t u r e s .  O t h e r w i s e ,  the  
m e c h a n i c a l  p r o p e r t i e s  of o x y g e n - f r e e  c o p p e r  a r e  v e r y  s i m i l a r  to o t h e r  

h igh  c o n d u c t i v i t y  c o p p e r s .  

The  r o o m  t e m p e r a t u r e  p r o p e r t i e s  of o x y g e n - f r e e  coppe r  a r e  p r e -  
s e n t e d  in T a b l e  V for  s e v e r a l  f o r m s  in the  c o l d - w o r k e d  condi t ion .  In 
g e n e r a l ,  the  t e n s i l e  p r o p e r t i e s  a r e  s i m i l a r  to E T P  copper .  The  r e d u c -  
t ion  of a r e a  in  t e n s i l e  t e s t s  of o x y g e n - f r e e  coppe r  r a n g e  f r o m  86 to 91 
p e r c e n t  fo r  the c a s e s  i n d i c a t e d  in T a b l e  V. Yie ld  s t r e n g t h s  r a n g e  f r o m  
29 ,400  to 66 ,000  ps i  for  v a r i o u s  f o r m s  and d e g r e e s  of cold work .  T h e s e  
s t r e n g t h s  a r e  in the  u sab le  r a n g e  for  h igh  hea t  f lux a p p l i c a t i o n s .  

Whi le  no da ta  a r e  p r e s e n t e d  for  p r o p e r t i e s  at e l eva t ed  t e m p e r a t u r e s ,  
the e s t i m a t e d  t e m p e r a t u r e  l i m i t  is  f r o m  300 to 500°F. Above t h i s  t e m -  
p e r a t u r e  r a n g e  the  amoun t  of a n n e a l i n g  b e c o m e s  a p p r e c i a b l e ,  and the  

s t r e n g t h  is  r e d u c e d .  
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SECTION V 
TENSILE TEST PROGRAM 

A t e s t  p r o g r a m  was  c o n d u c t e d  to d e t e r m i n e  e x p e r i m e n t a l l y  the  
m e c h a n i c a l  p r o p e r t i e s  of the  v a r i o u s  c o p p e r  a l l oys  p r e v i o u s l y  d i s c u s s e d .  
The  t e s t  s p e c i m e n s  w e r e  m a c h i n e d  f r o m  m a t e r i a l  s a m p l e s  of the  s i z e  
r a n g e  n e c e s s a r y  to f a b r i c a t e  v a r i o u s  n o z z l e  s h a p e s  and c o m p o n e n t s  for  
h igh hea t  f lux a p p l i c a t i o n s .  The  t e s t  r e s u l t s  a r e  t h e r e f o r e  r e p r e s e n t a -  
t ive  of the be s t  m e c h a n i c a l  p r o p e r t i e s  wh ich  can  r e a s o n a b l y  be o b t a i n e d  
wi th  f a b r i c a t e d  h a r d w a r e  r a t h e r  t han  the p r o p e r t i e s  of c o l d - d r a w n  w i r e  
of ten l i s t e d  fo r  t h e s e  m a t e r i a l s .  The  t e n s i l e  t e s t s  w e r e  c o n d u c t e d  at  
both r o o m  and e l e v a t e d  t e m p e r a t u r e s  to 1000°F. T h e  t e s t s  w e r e  p e r -  
f o r m e d  by the  C h e m i c a l  and M e t a l l u r g i c a l  B r a n c h ,  ESF .  

5.1 DESCRIPTION OF BILLETS AND TEST SPECIMENS 

T h r e e  c o p p e r  b a s e  a l loys  w e r e  p u r c h a s e d  fo r  p r o p e r t y  e v a l u a t i o n  
and s e l e c t i o n  of a n o z z l e  m a t e r i a l :  C u - B e  Al loy  i0 ,  C u - B e  Al loy  50, 
and C u - Z r .  

The  c h e m i c a l  c o m p o s i t i o n  of t h e s e  alloys and the  s p e c i f i e d  cond i t i on  
of t h e s e  m a t e r i a l s  a r e  p r e s e n t e d  in the fo l lowing  t ab le .  

Al loy  T y p i c a l  C o m p o s i t i o n  Cond i t i on  

C u - B e  0 . 4 0 - 0 . 7 0 %  Be 
Al loy  10 2 . 3 5 - 2 . 7 0 %  Co 

B a l a n c e  Cu 

A n n e a l e d  and hea t  
t r e a t e d  a p p r o x i m a t e l y  
3 h r  at 900°F 

C u - B e  0 . 2 5 - 0 . 5 0 %  Be 
Al loy  50 1 . 4 0 - 1 . 7 0 %  Co 

0 . 9 0 - 1 . 1 0 %  Ag 
B a l a n c e  Cu 

A n n e a l e d  and  hea t  
t r e a t e d  a p p r o x i m a t e l y  
3 h r  at 900°F 

C u - Z r  0 . 1 3 - 0 . 1 5 %  Z r  
B a l a n c e  o x y g e n -  
f r e e  c o p p e r  

A n n e a l e d ,  c o l d  f o r g e d  
to a p p r o x i m a t e l y  75% CW, 
and aged  i to 2 h r  at  
750-800°F  

T h e s e  m a t e r i a l s  w e r e  p u r c h a s e d  in b i l l e t s  wi th  a n o m i n a l  3 - in .  
d i a m e t e r  and 12 in. long.  The  b i l l e t s  w e r e  then  s a w e d  into p i e c e s  f r o m  
which  the s p e c i m e n s  w e r e  m a c h i n e d .  F i g u r e  9 shows  a t y p i c a l  t e n s i l e  
s p e c i m e n  u s e d  in th i s  p r o g r a m .  The  s p e c i m e n s  w e r e  cut f r o m  the b i l l e t  
so tha t  the  c r o s s  s e c t i o n  was  p a r a l l e l  to  the  b i l l e t  c r o s s  s e c t i o n .  The  
n u m b e r  of s p e c i m e n s  o b t a i n e d  f r o m  the  b i l l e t  c r o s s  s e c t i o n  r a n g e d  f r o m  
7 to 16 d e p e n d i n g  on the s p e c i m e n  s i z e .  The  to ta l  n u m b e r  of s p e c i m e n s  
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t e s t e d  was  55; h o w e v e r ,  not  al l  s p e c i m e n s  t e s t e d  a r e  r e p o r t e d  h e r e i n  
s i n c e  s o m e  of the  m a t e r i a l s  w e r e  not r e c e i v e d  in the  cond i t ion  r e q u i r e d  
by the  p u r c h a s e  s p e c i f i c a t i o n s .  

5.2 TEST PROCEDURE 

The  s p e c i m e n s  w e r e  n u m b e r e d  a c c o r d i n g  to t h e i r  d i s t a n c e  f r o m  the 
b i l l e t  c e n t e r l i n e .  T e s t s  at r o o m  t e m p e r a t u r e  w e r e  then  p e r f o r m e d  to  
d e t e r m i n e  if a p r o p e r t y  p a t t e r n  e x i s t e d  in the  b i l l e t  c r o s s  s e c t i o n  b e -  
c a u s e  of u n e v e n  cold  w o r k i n g  and hea t  t r e a t m e n t .  Once it was  e s t a b l i s h e d  
tha t  no d i f f e r e n c e s  in da ta  e x i s t e d  b e c a u s e  of s p e c i m e n  l o c a t i o n  in the b i l -  
l e t  c r o s s  s e c t i o n  beyond  n o r m a l  e x p e r i m e n t a l  da ta  s c a t t e r ,  the  e l e v a t e d -  
t e m p e r a t u r e  t e s t s  w e r e  p e r f o r m e d  i r r e s p e c t i v e  of s p e c i m e n  l o c a t i o n .  

A to ta l  of 30 s p e c i m e n s  w e r e  t e s t e d  at  r o o m  t e m p e r a t u r e  and 25 
s p e c i m e n s  w e r e  t e s t e d  at  e l e v a t e d  t e m p e r a t u r e s .  F o r  the  b e r y l l i u m -  
c o p p e r ,  t e s t s  w e r e  m a d e  at r o o m  t e m p e r a t u r e  and e l e v a t e d  t e m p e r a t u r e s  
at i n t e r v a l s  of 100°F beg inn ing  at 200°F.  T e s t s  on C u - Z r  w e r e  p e r f o r m e d  
at r o o m  t e m p e r a t u r e  and e l e v a t e d  t e m p e r a t u r e s  at 200°F i n t e r v a l s  b e g i n -  
n ing at 200°F. F o r  al l  t e s t s ,  m e a s u r e m e n t s  w e r e  r e c o r d e d  fo r  u l t i m a t e  
and 0 . 2 - p e r c e n t  y i e l d  s t r e n g t h s ,  p e r c e n t  e longa t i on ,  and p e r c e n t  r e d u c t i o n  
of a r e a .  The  m o d u l u s  of e l a s t i c i t y  was  m e a s u r e d  at r o o m  t e m p e r a t u r e  
only. 

Hardness tests were made across the billet to determine billet uni- 
formity. Also random hardness tests were made on the specimens after 
tensile tests were completed. The chemical composition of each material 
was checked for proper alloying constituents. 

5.3 TEST RESULTS 

The results are analyzed and presented from tests on two Cu-Be bil- 
lets and four Cu-Zr billets. Data from these tensile tests at room tem- 
perature are shown in Table VI. The strength and hardness levels of the 
Cu-Be alloys were considerably higher than those of Cu-Zr. However, 
the modulus of elasticity and percent elongation were about equal. Of 
the Cu-Be alloys, Alloy 10 had the higher strength resulting primarily 

from the higher Be percentage. 

T h e  fou r  C u - Z r  b i l l e t s  in T a b l e  VI w e r e  r e c e i v e d  wi th  d i f f e r e n t  l e v e l s  
of h a r d n e s s .  The  e f f e c t i v e n e s s  of the  c o l d - w o r k i n g  p r o c e d u r e  is i n d i c a t e d  
by the  h a r d n e s s  of th i s  a l loy .  Thus  the da ta  p r e s e n t e d  in T a b l e  VI fo r  
C u - Z r  w e r e  s e p a r a t e d  into fou r  h a r d n e s s  l e v e l s .  Two of the  C u - Z r  a l l oys  
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a r e  above the  n o r m a l  Z r  r a n g e  of 0. 13- to 0 . 1 5 - p e r c e n t  Zr .  H o w e v e r ,  
as  i n d i c a t e d  in Ref.  11, the h i g h e r  Z r  con ten t  shou ld  not affect  the  p r o p -  
e r t i e s  of the a l loy s ign i f i can t ly .  

,The u l t i m a t e  s t r e n g t h  of C u - Z r  r a n g e d  f r o m  44 ,800  to 56 ,400 ps i  
d e p e n d i n g  upon the h a r d n e s s  l e v e l ,  and both the u l t i m a t e  and y i e l d  
s t r e n g t h s  i n c r e a s e d  as the  h a r d n e s s  i n c r e a s e d .  The  C u - Z r  had a m u c h  
h i g h e r  p e r c e n t  r e d u c t i o n  of a r e a  than  the C u - B e  a l loys ,  which  i n d i c a t e s  
that  C u - Z r  s h o w e d  c o n s i d e r a b l e  "neck  down" p r i o r  to s p e c i m e n  f a i l u r e ,  
w h e r e a s  the C u - B e  was  c h a r a c t e r i z e d  by u n i f o r m  y i e l d i n g  fo l lowed  by 
f r a c t u r e  ( see  F ig .  10). 

The  t e n s i l e  s t r e n g t h  of C u - B e  Al loys  10 and 50 is p r e s e n t e d  in F ig .  11 
at e l e v a t e d  t e m p e r a t u r e s .  The  u l t i m a t e  s t r e n g t h  fo r  both m 'a te r i a l~  
d e c r e a s e d  r a p i d l y  as the  t e m p e r a t u r e  i n c r e a s e d  to 500 and 600°F. How- 
e v e r ,  the y i e l d  s t r e n g t h  r e m a i n e d  n e a r l y  cons t an t  with only a s l igh t  
t e n d e n c y  to d e c r e a s e  with i n c r e a s i n g  t e s t  t e m p e r a t u r e .  

S t r e n g t h  da ta  at e l e v a t e d  t e m p e r a t u r e s  to  1000"F a r e  p r e s e n t e d  in  
Fig .  12 for  the  C u - Z r  m a t e r i a l s .  The  h i g h e s t  c o l d - w o r k e d  b i l l e t s  
g e n e r a l l y  e x h i b i t e d  the  h i g h e s t  s t r e n g t h  l e v e l s  t h roughou t  the  t e m p e r a t u r e  
r ange ;  h o w e v e r ,  the  ~[dvantage was l e s s  at the  h i g h e r  t e s t  t e m p e r a t u r e s .  
As shown in Fig.  12, the  C u - Z r  m a i n t a i n e d  a h igh  p e r c e n t a g e  of the  
r o o m  t e m p e r a t u r e  s t r e n g t h  at t e m p e r a t u r e s  up to 800°F. 

The  o t h e r  p r o p e r t i e s  m e a s u r e d  fo r  the  e l e v a t e d - t e m p e r a t u r e  t e s t s  
w e r e  the  p e r c e n t  e l o n g a t i o n  and p e r c e n t  r e d u c t i o n  of a r e a .  The  e l o n g a -  
t ion da ta  a r e  p r e s e n t e d  in Fig .  13 fo r  C u - B e  and C u - Z r .  The  e l o n g a t i o n  
fo r  C u - B e  was  a p p r o x i m a t e l y  20 p e r c e n t  but d e c r e a s e d  s h a r p l y  at 400°F 
{Fig. 13a). The  C u - Z r  data  r a n g e d  f r o m  15- to 2 2 - p e r c e n t  e l o n g a t i o n  
for  al l  t e m p e r a t u r e s  up to 1000°F (Fig.  13b). The  p e r c e n t  r e d u c t i o n  of 
a r e a  fo r  t h e s e  s a m e  a l loys  is shown in Fig.  14. The  a v e r a g e  r e d u c t i o n  
of a r e a  for  C u - Z r  is  70 p e r c e n t ,  which  i n c r e a s e d  to 77 p e r c e n t  at 1000"F. 
The  C u - B e  a l loys ,  h o w e v e r ,  which  had an a v e r a g e  r e d u c t i o n  of a r e a  of 
30 p e r c e n t  at t e m p e r a t u r e s  up to 300°F, showed  a s h a r p  d e c r e a s e  at 
4000F and above.  The  p h o t o g r a p h  of the  C u - B e  and C u - Z r  s p e c i m e n s  
t e s t e d  at 6000F (Fig.  15) i l l u s t r a t e s  the type  of f r a c t u r e  c h a r a c t e r i s t i c  
of t h e s e  m a t e r i a l s .  At t e m p e r a t u r e s  above  5000F, the C u - B e  s p e c i m e n  
g e n e r a l l y  f r a c t u r e d  at po in ts  of high l o c a l  s t r e s s ,  that  i s ,  at the  b a s e  of 
the  t h r e a d s  at the  s p e c i m e n  end o r  at punch m a r k s  u s e d  fo r  s t r a i n  m e a s -  
u r e m e n t s .  T h e s e  f r a c t u r e s  i nd i ca t e  the  b r i t t l e n e s s  of th i s  m a t e r i a l  at 
e l e v a t e d  t e m p e r a t u r e .  
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SECTION Vl 
COMPARISON OF AVAILABLE DATA WITH TEST RESULTS 

The  e x p e r i m e n t a l  t e s t  da ta  w e r e  c o m p a r e d  with  the  t a b u l a t e d  da t a  
p r e s e n t e d  in th i s  r e p o r t  f r o m  o t h e r  s o u r c e s .  The  da ta  in T a b l e  VI f o r  
C u - B e  Al loy  10 show e x p e r i m e n t a l  v a l u e s  of 109,600 and 80 ,900  ps i  
fo r  the u l t i m a t e  and 0 . 2 - p e r c e n t  y i e l d  s t r e n g t h s ,  r e s p e c t i v e l y .  T h e s e  
s t r e n g t h s ,  when  c o m p a r e d  with  Al loy  10 (AT} in T a b l e  II, l i e  w i th in  the 
r a n g e  of m o s t  of the  s t r e n g t h  v a l u e s  l i s t e d  and at the  u p p e r  end  of the  
s t r e n g t h  r a n g e  fo r  the  b i l l e t  of Ref.  6. The  e l e v a t e d - t e m p e r a t u r e  p r o p -  
e r t i e s  a r e  c o m p a r e d  in F ig .  16. The  e x p e r i m e n t a l  s t r e n g t h  da ta  fo r  
Al loy  10 a r e  equa l  to o r  g r e a t e r  t han  the  c u r v e s  of Ref .  9, w h e r e a s  the 
p e r c e n t  e l o n g a t i o n  da t a  a r e  about  equa l  to the r e f e r e n c e d  da ta .  

No d i r e c t  c o m p a r i s o n s  cou ld  be m a d e  fo r  the Al loy  50 s i n c e  al l  
r e f e r e n c e d  da ta  a r e  in the HT cond i t ion ;  h o w e v e r ,  h i g h e r  s t r e n g t h  
v a l u e s  w e r e  e x p e c t e d  fo r  the  r e f e r e n c e d  da ta  as  a r e s u l t  of the  co ld  
w o r k i n g .  

The  C u - Z r  e x p e r i m e n t a l  s t r e n g t h  da ta  at  r o o m  t e m p e r a t u r e  in 
T a b l e  VI, when  c o m p a r e d  with  tha t  in T a b l e  III, s h o w e d  the r e f e r e n c e d  
da t a  in g e n e r a l  to have  s t r e n g t h s  l i s t e d  wh ich  a r e  h i g h e r  t han  the  e x p e r i -  
m e n t a l  data .  H o w e v e r ,  the da t a  for  4 0 - p e r c e n t  c o l d - w o r k e d  s h e e t  and 
r o d  in Ref.  8 c o m p a r e  wi th  s t r e n g t h  da ta  ob ta ined  in s o m e  of the  e x p e r i -  
m e n t a l  t e s t s  on c o l d - w o r k e d  b i l l e t s .  E l e v a t e d - t e m p e r a t u r e  t e s t s  on two 
C u - Z r  b i l l e t s  a r e  c o m p a r e d  wi th  c o l d - w o r k e d  0 . 2 5 - i n .  - d i a m  s p e c i m e n s  
of Ref .  10 in F ig .  17. The  e x p e r i m e n t a l  da ta  had  s t r e n g t h  l e v e l s  a p p r o x i -  
m a t e l y  t w o - t h i r d s  of ~he da ta  l e v e l  shown f r o m  Ref.  10 at t e m p e r a t u r e s  
up to 600°F. F r o m  600 to 1000°F the  d e c r e a s e  in s t r e n g t h  of the  r e f e r -  
e n c e d  da t a  was  m u c h  g r e a t e r  than  the  e x p e r i m e n t a l  da ta .  The  e x a c t  p e r -  
cen t  of cold  w o r k i n g  for  the  e x p e r i m e n t a l  t e s t  da ta  was  unknown;  h o w e v e r ,  
c o n s i d e r a b l e  s i z e  r e d u c t i o n  in the b i l l e t  by co ld  f o r g i n g  was  a c c o m p l i s h e d  
as e v i d e n c e d  by the  h a r d n e s s  l e v e l s  shown fo r  t h e s e  b i l l e t s .  Whi le  the  
a r e a  r e d u c t i o n  m a y  have  b e e n  as m u c h  as 75 p e r c e n t  in the  b i l l e t s  t e s t e d ,  
the  e f f e c t i v e  cold  w o r k i n g  was  r e d u c e d  by the  inab i l i t y  to ob ta in  u n i f o r m  
h a r d e n i n g  in l a r g e  s i z e  b i l l e t s .  

T h e  e x p e r i m e n t a l  t e s t  da ta  i n d i c a t e d  tha t  the  C u - B e  a l l oys  can  be 
o b t a i n e d  in l a r g e  b i l l e t s  wi th  s t r e n g t h  as  h igh  as would  be e x p e c t e d  f r o m  
p u b l i s h e d  data ,  s i n c e  the s t r e n g t h  above  the  a n n e a l e d  l e v e l  is  d e r i v e d  
p r i m a r i l y  f r o m  age h a r d e n i n g .  C o n v e r s e l y ,  the  s t r e n g t h  of C u - Z r  b i l -  
l e t  m a t e r i a l s  canno t  be e x p e c t e d  to r e a c h  v a l u e s  l i s t e d  fo r  s m a l l  h igh ly  
c o l d - w o r k e d  s p e c i m e n  r o d s  and w i r e s ,  s i n c e  the  p r i m a r y  i n c r e a s e  in  
s t r e n g t h  above  the  a n n e a l e d  s t r e n g t h  l e v e l  for  C u - Z r  a l loy  is  a c c o m p l i s h e d  
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by m e c h a n i c a l  work ing .  T h e s e  r e s u l t s  w e r e  expec t ed  s i nce  m a t e r i a l s  in 
l a r g e  s i z e  p i e c e s  a r e  e a s i e r  to age  u n i f o r m l y  than  to work  h a r d e n  e f f ec -  
t i ve ly .  

SECTION VII 
COHCLUDING REMARKS 

The  s e l e c t i o n  of an a l loy  for  h igh  hea t  f lux  r e q u i r e m e n t s  depends  
upon the  p a r t i c u l a r  a p p l i c a t i o n  in tended .  The  C u - B e  Al loy  25 had the 
h i g h e s t  s t r e n g t h  of the  a l l o y s  r e p o r t e d  but the  l o w e s t  t h e r m a l  conduc-  
t i v i t y ,  w h e r e a s  E T P  coppe r  and o x y g e n - f r e e  coppe r  both  have  m u c h  
l o w e r  s t r e n g t h  but wi th  t h e r m a l  conduc t i v i t y  a p p r o a c h i n g  tha t  of pu re  
copper .  The  o t h e r  coppe r  a l l o y s  can  be g r o u p e d  into  c a t e g o r i e s  which  
have  s t r e n g t h s  l e s s  than  Al loy  25 and c o n d u c t i v i t i e s  l e s s  than  the  un-  
a l l o y e d  c o p p e r s .  T h e  p r oduc t  of s t r e n g t h  and t h e r m a l  conduc t i v i t y  i s  
about  equa l  fo r  a l l  of t h e s e  coppe r  a l l o y s  and t h e r e f o r e  has  equal  po ten -  
t i a l  f o r  h igh  hea t  f lux  a p p l i c a t i o n s .  O the r  f a c t o r s  then  d i c t a t e  the  cho ice  
of a l l oy  s e l e c t e d .  F o r  e x a m p l e ,  o x y g e n - f r e e  coppe r  and E T P  c o p p e r  
(Fig .  8) showed  s h a r p  d e c r e a s e s  in s t r e n g t h  above 300°F.  The  C u - B e  
a l l o y s  showed  s i m i l a r  r e s u l t s  above 500°F ( F i g s .  2 and 4). The  C u - Z r  
and C u - C r  both m a i n t a i n e d  a h igh  p e r c e n t a g e  of t h e i r  r o o m  t e m p e r a t u r e  
s t r e n g t h  up to 800°F.  H o w e v e r ,  at e l e v a t e d  t e m p e r a t u r e s  C u - C r  and 
C u - B e  A l l o y s  10 and 50 exh ib i t ed  hot b r i t t l e n e s s /  (F igs .  4, 7, and 13a). 
The  C u - Z r  has  the  be s t  e l e v a t e d - t e m p e r a t u r e  c h a r a c t e r i s t i c s  in tha t  i t  
m a i n t a i n s  m o s t  of i t s  r o o m  t e m p e r a t u r e  s t r e n g t h  to 1000°F wi thout  
b e c o m i n g  b r i t t l e .  H o w e v e r ,  i t  i s  n o r m a l l y  a m u c h  s o f t e r  and l o w e r  
s t r e n g t h  a l loy  than  the  C u - B e  a l l o y s .  T h e s e  f a c t o r s  a l l  c o n t r i b u t e  to the 
p r o p e r  s e l e c t i o n  of a m a t e r i a l  fo r  h igh  hea t  f lux  a p p l i c a t i o n s .  
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EXPERIMENTAL DATA 

Cu-Zr, Nominal 3- in. -diom 
Billet, Cold Worked Approximately 
75% and Age Hardened 
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I i I ' I ' 
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Cold Worked and Age_ 
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SOURCE: Ref. I0 (See Fig.6) _ 
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Fig. 17 Comparison of Experimental Data with Reported Properties of Cu-Zr Al loy 
at Elevated Temperatures 

31 



A
E

D
C

-T
R

-6
5

-7
2

 

>- 
O

 
-I 
-I 
< m u :[: 
I.- 
(3

 
2[ 
IM

 

I- 

ra
 

m
 

III 
IJl= 

..j 
O

 

<
_

~
 

I- 
I.= 

III 
0

=
 

O O
. 

I/4
 

I-- 

0
~

 
III 
O

= 
:I 
IL

l 
I-- 

O 

c.=l 

• ~
I 

O
J 

..~ 
:= 

4-i 
4J 

I 
CO

l 

01 I
I

I
I

I
I

 

l
l

l
l

l
l

l
 

r----r--r " 
~1 

O
 

l
l

l
l

t
 

II 
0 

I 
I 

d 
d 

~
 

I
I

I
I

I
 

N
N

 
~ 

• 
• 

0
0

 

u') 

I 
• 

I 
O

 

o 
I 

I 
I 

r-I 

I 
I 

I 
I 

! 
I 

I 
I 

, 

I 

{'~ 
i 

I 
I' 

C~ 
I 

I 
I 

0 
0 

o 

0 IM
 

{3 

,
~

 

c o
u

 

,,O
 

I- 
0 

"lP
 

I 
,-.i 

.l::l 
- 

S., 
q} 

4.., e- 

~
,~

, 
I:::o

 
~ 

I 
Q} ,.-4 

I~ 
.-,,I 4J 

s., 
• 

=
.iJ

 
~ 

o
~

c
~

 

• 1,.~ .la P
) 

E 
~0'~ 

..,-I ~
),-I 

~ 

,-I 
4a 

~ 

0 

c~
 

I 
I 

I 
I 

• 
I 

I 

I
I

I
I

I
I

I
 

o 

i
i

i
i

i
i

i
 

0 
0 

I 
I 

" 
I 

I 
• 

• 
I 

• 
I 

I
I

I
I

I
 

0 
i-=I 
i--I 

I
I

I
I

~
I

I
 

,-.4,=4 
I 

I 
I 

I 
I 

o
~

 

i
i

i
i

i
i

i
 

o
O

 

O
~

O
~

O
O

 

I
I

I
I

I
I

 

A
A

 
{..,~

 

v'~
=

~
 

~
I 

~
A

A
 

o 

I
I

I
I

I
 

II 
I 

II 

I 
I 

00 
1 

1 
P

l 

I
I

I
I

I
 

O
O

 

l
l

l
l

l
 

O
O

O
O

 

A
~

.=
~

 

V
V

 

4=1 
~,=~ ~..,* 

~
--IP

l 
,.-I ~--I 

I
I

I
I

 
I

I
I

I
 

I 

l
l

l
l

 
I

I
I

I
 

I 

O
 

O
 

O
 

O
 

I
I

I
I

 
I

I
I

I
 

I 

~
1

1
1

 
~

1
1

1
 

II 
I 

II 
I

I
I

I
 

O
O

 
O

 
O

~
 

i 
O

~
O

 

II 
I 

II 
I

I
I

I
 

~
O

 
O

 
~

O
 

~
O

~
O

 

A
A

 
A

 

V
V

 
V

 

In
 

In
 

I
l

l
l

 
0

0
~

0
 

A
 E
-, 

4: q) 

v
v

 
v

v
 

v
 

• ,4 
.,~ 

u~ 
cq 

N
 

{41 

O
o

O
o

 

J
i

l
l

 
O

O
O

~
 

A
 E
-, 

v 

~
v

 
v 

i::I ..la 
o

, 
m

 
• ,=1 

r-I 
f-I 

f.I ,--I 
4~ 

~l .,=1 

In
 

U
~ 

r-I 
r-I 

33 



A
E

D
C

-T
R

-6
5

-7
2

 

0 -i 
-i 

o 
m

 

U
 

F
- 

m
 

U
 

...j 
r~

 

Z
 

0 U
 

-- 
0 m

 

UJ 
~

" 
..I 

LL 
m

O
 i F

- 

0 I,- 

L
 

u
l 

0 0 

• 
• I 

- 
I 

"I a 

• i~
 

I 

o 

P
( 

0 o 
! 

d~ I" 
0 ~-I 

*P
l 

~o 

r.d 

"~
 

.P
I 

Q
).M

 
b~ 

., 

I 
~)I 

~
 

4a 
~.l C

3 
• 

I=
 4a ,-I 

4a 4.~p} 

o 
~

 
o

~
 

o 
o 

o
o

 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
' 

I 
I 

I 
I 

~.~ 
~

 
~

 
~

 

I 
I 

I 
I 

I 
• 

I 
• 

I 
* 

• 
I 

I 
I 

I 
I 

I 

I
I

I
1

|
1

1
1

1
 

~
o

 

II 
I 

I
I

I
I

I
 

~
o

 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 

I 
I 

I 
I 

I 
~0 

I 
{0 

I 
0000 

I 
I 

I 
I 

I 
I 

~1 
,.-I 

,-IP
I 

0 
0 

0 
0

0
0

0
 

I
I

1
|

1
1

1
1

1
 

II 
I 

I
I

I
I

I
 

o
o

 
o 

~
o

 
o 

o
o

o
o

o
 

0 
~-I 
r-I 

0
0

0
0

0
0

0
 

0 
O

0
 

0 
0

~
0

0
0

 

I
l

l
l

l
l

l
l

l
 

II 
I 

I
I

I
I

I
"

 
0

~
0

0
0

0
0

 
0 

O
0

 
0 

0
0

0
0

0
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

P
i 

r-I 
u3 

r-i 
L.~ 

~-i 
~-I 

~-I 
~-I 

r-I 

34 



A
E

D
C

-T
R

-6
5

-7
2

 

..=. 

Ill 

IL
l 

I- 

o= 
o 

14=I 

• 
• 

• ,-I 
,~I 

- 
I 

4,= 

,o O
 

o 

.4
J

 

4
J

 

~D
 I O
 

P
.l 

.,=i 

~d 

00 

',D
 

r-~ 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
• 

O
 

(30 
I 

I 
I 

"1 
I 

I 
I 

I 
I 

I 
I 

O
~ 

O
~ 

I
I

I
I

I
I

 
~

I
 

II 
~ 

I 

~
~

I
 

I
I

I
 

I~
 

~ 

I
I

I
I

I
I

 
III 

"! 
I 

I 

I 
r-t 

- 
~

.~
 

O
O

O
O

O
 

~ 
',~

m
 

o
o

o
o

o
 

• 
I::: ~ 

~
'~

U
'~

'~
3

~
D

 
O

 
~ 

.l-) 

II 

~
,~

 
o

o
0

0
0

 

4~ 
k 

O
C

~
 

~
C

~
 

~ 
~

,~
 

~ 
~D

 ~3 ~D
 t ~- 

~
m

 Ea 

I 
I 

I 

o
o
 

o
o
 

o
o
 

0 
0 

0 
0 

0 
0 

| 
~ 

o 

o o o 0 L~ 

o 
o 

o 
o 

0 
o 

o 
o 

o 

Io" 
~

, 
d 

t,,, 
ii~ 

~,D 

~
; 

, 
o

~
, 

,; 
8 

o 

35 



A
ED

C
-TR

-65-72 

O. • 
! 

~
'1 

,1~ 
I 

I 
~

,!,~
, 

~ 
~

=
~

 
d

d
 

d 
'''' 

,,~ 
I W

 

8 
~ 

~ 
~ 

''', 
, 

, 
, 

O 
i 

J~ 
~ 

J 

U
 

~
 

O
O

 
O

~
 

~
o

~
o

 

>~ 
;o 

~ 
~

'~
 

O
0

 
II 

I 
I

I
I

I
 

l 
-

.
 

N
m

.~
l 

4) -r'l 
,I~ .s-I 

~ 
OC~ O

O
o

 
O

O
O

 
I 

~
l~

, 

• ~ 
~, 

I 
r,,I ,~ 

I-- 

0 

O
 

O
 

O
O

 
O

O
 

O
O

O
O

 
O

O
 

O
O

 
O

O
O

O
 

u
3
I
~
 

~
D

 
&
&
&
&
 

0
°

°
0

 
U

3 

'~
 

~
: 

0
0

0
3

0
4

 
a

0
~

 
N

 ,", 

• N
 

N
 

• 
-." 

• 
N

 
~

 
I 

.,~ 
~

 
.,4 .~

 
• .ri 

~
 

I 
~

 
I 

l 
• 

1::O
 

• 
C

~ 
,~ 

~
o

 
..~

. 
o 

O
Q

; 
I 

O
 

~
-,.~

 
~

 
~ 

~ 

"~
 

~ 
.~

'~
 

o 
~ 

O
 ";'~ 

O
'1"1 

o 

q.4 

q; 

m
 

,iJ 

e~ 

4~ 
G

 

0r,l 

0 

(i) 
~ 

1.4o 

• .~ 
~,~ 

~
r,D

 
O

 
O

 
~

O
 

~
 

rd 

I 
I 

~I 
El 

-I~ 
* • x- 

-t- 

36 



A
E

D
C

-T
 R

-65-72 

8 u
l 

u
l 

IlL
 

.! 

>- 

0 0 

IL
l 

~ 
m

 

0 0
. 

I" 

0
. 

.1
 

I,- 

0 0 

• 
Q

 

• 
I 

-II 

.\ 0 
q~ 

U
 

O
k

 

"0
 

- 

~J 

®
.~ 

~
N

 
P

I4
J E 0 0 
r-I 

U
3 • 

I 
0 nO

 • 
I 

I 
I I 

t#
 

O
0

 
O

0
 

O
0

 

O
0

 

O
0

 
O

0
 

O
O

U
~ 

I::3 .H
 

• rl 
I 

@
 

P
4 

I
I

I
I

 

I
I

I
I

 

~
0

~
 

o
o

, 

m
 

0
0

0
0

 
0

0
0

0
 

0
0

~
 

0
0

0
0

 
0

0
0

0
 

U
U

~
 

I 
-,-I 

r-I 
I 

O
0 

L",,, 
0 

In
 

• 
C'4 

0 
" ,,", 

• 
m

 
m

l 

37 



A
E

 D
C

-T
R

-6
5

-7
2

 

3E
 

m
 | 

Z m
 

m
 

-,0
 

m
 

< 

I- 

0 i-- 
.<

 

iv
 

< W
 

O
. 

I.- 

3E
 

O
 

0 _1 
< I- 
'7

 
u~

 

3E
 

m
 

I&
l 

-4
,,~

 

o o 

u 

• ,~ 
~ 

o
, 

m
 

0
~

 

I=, [-i 

O
 

-H
 

o o 
u o 

r-i 

00 
o,1 

0~ 

O
 

c~ 

O
 

O
 

O
~ 

O
 

00 

o o ~D
 

v o 
~3 

o,1 
0 

,<
 

al~
 

• 
~ 

• 

.al 
o 

o,I 

r-i 

o O
 

u3 

d o o 0~ 

o o 

v u~ 
u3 

0 

m
 

o
o

 

o 

~D
 

c~3 

03 
O

~ 

O
,1 

O
,1 

ur~ 
~

] 
0q 

cq 

O
O

O
O

 
O

O
O

O
 

~
O

~
O

 

O
O

O
O

 
O

O
O

O
 

u'~ 
r,O

 
r~D 

O
~ 

03 
~ 

(30 

N
 I 

O
O

O
O

 

38 



UNCLASSIFIED 
S~udty Classification 

DOCUMENT CONTROL DATA- R&D 
~ ° ¢ u ~ t y  ciosaltr©atnon o!  tmtle, b o ~  o l  abstrac~ and mdexm@ annoretnon muat be e n t e ~ d  ~ e n  ~ e  evereWI repert ~e c ~ e ~ i h e ~  

| O q l G I N A T I N  G A C T I V I T Y  ( C o . o r a t e  au tho~  

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r ,  
ARO, I n c . ,  O p e r a t i n g  C o n t r a c t o r ,  
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e  

2e  R E P O R T  SECURITY C LASS|P ' ICATION 

UNCLA SS IF  IED 
! 2 b  GROUP 

I N/A 
3 R E P O R T  T I T L E  

PROPERTY INVESTIGATION OF COPPER BASE ALLOYS 
AT AMBIENT AND ELEVATED TEMPERATURES 

4 D E S C R I P T I V E  NOTES (Type  a!  repor t  and | nc /ua | ve  da te ° )  

N/A 
S AUTHOR(S)  (Laa~ name, f|rmt name, Onlt iol) 

H o r n ,  D e n n i s  D . ,  a n d  L e w i s ,  H e n r y  F . ,  ARO, I n c .  

6. R E P O  RT D A T E  

J u l y  1965 
ao.  C O N T R A C T  OR GRANT NO. 

AF40 (600)  - 1000 

P,OJE¢* .O. 7778  

c P r o g r a m  E l e m e n t  6 2 4 1 0 0 3 4  

d T a s k  7 7 7 8 0 5  

7 ° .  T O T A L  NO. OF PAGES ] 7b.  NO. OF R E P I  

45 l 14 
ga.  OR IG INATOR 'S  R E P O R T  NUMl lER(8 )  

AEDC-TR-65-72  

,b  , ? j . ~o . JPORT .o(s~ (,~.. o~ , . , , , - -~ . .  , h . , . ° .  ~ . . . . , , ~ . d  

' N / A  

1 0. A V A  IL  A B I L I T Y / L I M I T A T I O N  NOTICES 

Q u a l i f i e d  r e q u e s t e r s  may o b t a i n  c o p i e s  o f  t h i s  r e p o r t  
f r o m  DDC. 

t 1. S U P P L  E M E N T A R Y  NOTES 

N/A 

13 A B S T R A C T  

12. SPONSOR|NGM[L[TARYACT[V[TY 

Arnold Engineering Development Cente, 
[Air Force Systems Command, 
]Arnold Air Force Station, Tennessee 

An i n v e s t i g a t i o n  was made t o  d e t e r m i n e  t h e  p r o p e r t i e s  o f  
c o p p e r  b a s e  a l l o y s  a t  room a n d  e l e v a t e d  t e m p e r a t u r e s  f o r  h i g h  
h e a t  f l u x  a p p l i c a t i o n s .  L i t e r a t u r e  s u r v e y s  w e r e  c o n d u c t e d  t o  
s t u d y  t h e  p r o p e r t i e s  o f  c o p p e r - b e r y l l i u m ,  c o p p e r - z i r c o n i u m ,  
a n d  o t h e r  c o m m e r c i a l  g r a d e s  o f  c o p p e r  a n d  c o p p e r  a l l o y s .  T h e s e  
p r o p e r t i e s  w e r e  c o m p a r e d  w i t h  e x p e r i m e n t a l  d a t a  f o r  c o p p e r -  
z i r c o n i u m  a n d  two  a l l o y s  o f  c o p p e r - b e r y l l i u m  a t  t e m p e r a t u r e s  up  
t o  1 0 0 0 ° F .  The t e s t  d a t a  i n d i c a t e d  t h a t  t h e  c o p p e r - b e r y l l i u m  
a l l o y s  c a n  be  o b t a i n e d  i n  l a r g e  s i z e s  w i t h  s t r e n g t h  l e v e l s  com- 
p a r a b l e  t o  s u r v e y  p r o p e r t y  l e v e l s ,  w h e r e a s  f o r  c o p p e r - z i r c o n i u m  
i t  was  more  d i f f i c u l t  t o  r e a c h  t a b u l a t e d  s t r e n g t h s  b e c a u s e  t h e  
e f f e c t i v e n e s s  o f  c o l d  w o r k i n g  was  r e d u c e d  f o r  l a r g e  s i z e  b i l l e t s .  
The f i n a l  s e l e c t i o n  o f  an  a l l o y  d e p e n d s  u p o n  t h e  r e q u i r e m e n t s  o f  
a s p e c i f i c  a p p l i c a t i o n .  

DD .,oN,, 1473 UNCLASSIFIED 
Security Classification 



14, 

UNCLASSIFIED 
S e c u r i t y  C l a s s i f i c a t i o n  

KEY WORDS 
LiNK A LINK a LINK C 

R O L E  WT R O L E  I WT R O L E  WT 

a l l o y s  

c o p p e r  b a s e  

p r o p e r t y  i n v e s t i g a t i o n  

c o l d  w o r k i n g  

h a r d e n i n g  

h e a t  t r e a t m e n t  

I. ORIGINATING ACTIVITY: 
of the  contractor ,  subcontractor ,  grantee,  Department  of De- 
l e n s e  ac t iv i ty  or other organizaUon (corporate author) i s s u i n g  
the  report. 

2a. REPORI~SECUI~TY CLASSIFICATION: Enter  the  over- 
all s ecur i ty  c l a s s i f i c a t i o n  of the  report. Ind ica te  whether  
" R e s t r i c t e d  D a t a "  i s  inc luded.  Marking is  to be  in  accord- 
ance  with appropriate  secur i ty  regu la t ions .  

2b. GROUP: Automat ic  downgrading i s  spec i f i ed  in DaD Di- 
r ec t ive  5200. 10 and Armed Fo rce s  Indust r ia l  Manual. Enter  
the group number. Also,  when appl icable ,  show that  optional  
markings  have  been  used  for G~oup 3 and Group 4 as author- 
ized. 

3. R E P O R T  TITLE:  Enter  the  comple te  report t i t le  in all 
capi ta l  le t ters .  T i t l e s  in all c a s e s  should  be unc l a s s i f i ed .  
If a meaningful  t i t le  canno t  be se l ec t ed  without c l a s s , , i c e -  
tion, show txtle c l a s s i f i c a t i o n  in all  c a p i t a l s  in p a r e n t h e s i s  [ 
tm.,r.ediately f o l l ow ing  the t i t le.  I 

4. DESCRIPTIVE NOTES: If appropriate,  enter  the type of 
report, e .g . ,  interim, p rogress ,  summary,  annual ,  or final.  
Give the i n c lu s iv e  da te s  when a spec i f i c  report ing period is  
covered.  

S. AUTHOR(S): Enter  the name(s)  of  author,  s) a s  shown on 
or in the  report. Ente: t e s t  name, f i rs t  name, middle i n i t i a l  
If .-nihtary, show rank and branch of service .  The  name of 
the  principal  °;:thor i s  an abso lu t e  minimum requirement.  

6. R E P O R T  DAT ~--" Enter  the  date  of the report a s  day, 
month, year; or month, .year .  If more than  one date appears  
on the report, u s e  da te  of publ icat ion.  

7a. TOTAL NUMBER OF PAGES: The  total page  count  
shou ld  follow normal pagina t ion  procedures ,  i .e . ,  enter  the  
number of pages conta in ing  information. 

7b. NUMBER OF REFERENCES:  Enter  the total  number of 
r e f e r ences  czted in the  report. 

8a. CONTRACT OR GRANT NUMBER: If appropriate,  enter  
~he app l icab le  number of the  contra~'t or grant under which 
the  report was  written. 

Sb, 8c, ~, 8d. P R O J E C T  NUMBER: Enter  the  appropriate 
mi l i tary  department ident i f icat ion,  such  as  project  number, 
subpro jec t  number, s y s t e m  numbers,  t.ask number, etc. 

9a. ORIGINATOR'S R E P O R T  NUMBER(S): Enter the  offi- 
c ia l  report number by which the document  will be ident i f ied 
and control led by the  or ig inat ing act ivi ty.  T h i s  number mus t  
be  unique  to th is  report. 

9b. OTHER REPORT NUMbER(S): If the  report has  been 
ass:gned any other  report  numbers ~either by the ori~mnator 
or by the sponsor), a lso  enter  t h i s  number{s). 

I0. AVAILABILITY/LIMITATION NOTICES: Enter  any lim- 
i ta t ions  on further d i s s e m i n a t i o n  of the report, other  than  those  

INSTRUCTIONS 

Enter  the  name and addres s  imposed by secur i ty  c l a s s i f i ca t i on ,  u s ing  s tandard  s t a t e m e n t s  
s u c h  as: 

( I )  "Qua l i f i ed  r eques t e r s  may obtain c op i e s  of t h i s  
report from D D C."  

(2) " F o r e i g n  announcement  and d i s eemina t inn  of th i s  
report by DDC is  not au tho r i zed . "  

(3) "U.  S. Government a g e n c i e s  may obtain  cop ie s  of 
th i s  report direct ly  from DDC. Other  qual i f ied DDC 
u s e r s  sha l l  r-~-.',est through 

e P l  

(4) "U.  S. mili tary a g e n c i e s  may obtain  cop ie s  of th i s  
report direct ly  from DDC. Other qual if ied u s e r s  
sha l l  reques t  through 

(S) "A l l  d is t r ibut ion of t h i s  report i s  controlled. Qual- 
f l ied DDC u s e r s  shal l  r eques t  through 

b ' 9  

If the report h a s  been furnished to the  Office of  Techn ica l  
Services ,  Department of  Commerce, for s a l e  to the public,  Ind,- 
c e t e  th i s  fact  and enter  the  price,  if known. 

11. SUPPLEMENTARY NOTES: U se  for adilitional explana-  
tory notes .  

12. SPONSORING MILITARY ACTIVITY: Enter  the name of 
the  depar tmental  project  offi~.e or laboratory sponsor ing  (pay" 
in~ for) the  r e sea rch  and development.  Inc lude address .  

13. ABSTRACT: Enter  an abs t r ac t  g iving • brief and fac tua l  
summary of the document  indica t ive  of the report, even  though 
it  :nay a l so  appear  e l sewhere  in the body of the t echn ica l  re- 
port. If addi t ional  s p a c e  is required, a cont inuat ion s h e e t  s h a l l  
be a t tached .  

It Is h ighly  des i rab le  that  the abs t rac t  of c l a s s i f i e d  reports 
be unc l a s s i f i ed .  Each  paragraph of the abs t r ac t  sha l l  end with 
an indica t ion of the mili tary secur i ty  c l a s s i f i c a t i o n  of the in- 
format ion in the paragraph, represented as (TS), (S), (C), or (O). 

There is  no l im i ta t ion  on the length o f  the abstract .  How-  
ever,  the suggested length is from IS0 to 225 words. 

14. KEY WORDS: Key words are technica l ly  meaningful  terms 
or short  ph ra se s  that  charac te r ize  a report and may be u s e d  a s  
index ent r ies  for ca ta log ing  the report. Key words must  be 
s e l e c t e d  so  that  no secur i ty  c l a s s i f i c a t i o n  is  required. Identi-  
f iers ,  such  "as equ:pment model des igna t ion ,  trade name, mili tary 
project  code name, geographic location,  may be used  as  key 
words but w;ll be followed by an indicat ion of t echnica l  con- 
text.  The a s s i g n m e n t  of l inks ,  rules ,  and weigh ts  is  opt ional .  

UNCLASSIFIED 
S e c u r i t y  C l a s s i f i c a t i o n  


